The role of apoptosis in angiogenesis has remained elusive. Watson et al. reveal that apoptosis limits endothelial cell density during angiogenesis with consequences for blood vessel diameter.
Introduction
Blood vessel networks consist of a hierarchical assembly of endothelial cell (EC)-lined tubes of varying identity and calibre, each necessary for the efficient distribution of blood throughout tissues. While the first blood vessels to form emerge through the process of vasculogenesis (Coultas et al., 2005) , their subsequent expansion and maturation into functional vascular networks occurs by angiogenesis: the coordinated proliferation, differentiation and migration of ECs and recruitment of perivascular support cells (Potente et al., 2011) .
Apoptosis is a form of cell death responsible for the removal of excessive, damaged and otherwise redundant cells and tissues from the body (Czabotar et al., 2014) . There are two distinct, but converging pathways that regulate apoptosis: the 'extrinsic', death receptor mediated pathway and the 'intrinsic', BCL2-family mediated pathway. Both culminate in the activation of effector caspases (eg: caspase 3), intracellular proteases that cause the proteolytic demolition of a cell. The extrinsic pathway involves the engagement of death-receptors (eg: Fas) by their cognate ligand (eg: FasL), which triggers activation of caspase 8, and in turn, activates downstream effector caspases (Strasser et al., 2009 ). In the intrinsic pathway, pro-survival members of the BCL2 family (BCL2, MCL1, BCLW, BCLXL and A1) prevent the activation of the structurally related pro-death proteins BAK and BAX. A third BCL2 sub-family, the so-called 'BH3-only' proteins (BIM, BID, BAD, BIK, HRK, PUMA and noxa) which cause the activation of BAK and BAX through direct binding and by the inhibition of the pro-survival BCL2 proteins (Llambi et al., 2011) . Activation of BAK and BAX leads to the permeabilisation of the mitochondrial outer membrane and release of apoptogenic factors such as cytochrome C (Wei et al., 2001 ). This in turn activates caspase 9 and subsequently the effector caspases. Apoptosis is responsible for tissue remodelling and regulating cell number in a range of tissues and organs during development (Fuchs and Steller, 2011) and much of this occurs through the intrinsic pathway, as shown by the combined loss of BAK and BAX (Lindsten et al., 2000) . The intrinsic apoptosis pathway is essential for survival regulation in ECs: Loss of the BH3-only protein BIM prevents EC apoptosis during normal and tumour-associated angiogenesis in vivo (Koenig et al., 2014; Naik et al., 2011; Wang et al., 2011) , whereas EC-specific loss of the pro-survival BCL2 family protein MCL1 leads to ectopic EC apoptosis during angiogenesis in vivo (Watson et al., 2016) .
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Angiogenic blood vessel growth in the retina features many of the key processes that occur during hierarchical vessel network growth. Retina vessel angiogenesis in mice is attractive to study as it is amenable to imaging and is highly stereotypical, allowing detailed analysis of the angiogenesis process over time. Vascularisation of the mouse retina begins at birth, with the radial expansion of blood vessels from the optic nerve head at the centre of the retina toward the peripheral margin (Stahl et al., 2010) .
The growth of the vessel network requires extensive EC proliferation coupled with the emergence of new, blind-ended vessel sprouts that grow toward the avascular tissue then subsequently fuse by anastomosis to generate new, perfused vessels (Potente et al., 2011) . This form of angiogenesis lays down a dense, uniform plexus of immature vessels that is remodelled through selective 'pruning' of individual vessel segments, converting the immature plexus into a refined, hierarchical network capable of efficient blood distribution (Korn and Augustin, 2015) .
Apoptosis is responsible for vessel regression under conditions of vessel network involution such as hyaloid vessel regression (Hahn et al., 2005; Koenig et al., 2014; Wang et al., 2011) and obliteration of retinal vessels in the oxygen-induced retinopathy model (Wang et al., 2011) . Apoptosis is well documented in retina angiogenesis, but reports differ as to its correlation with vessel pruning (Cheng et al., 2012; Hughes and Chang-Ling, 2000; Korn et al., 2014; Savant et al., 2015; Simonavicius et al., 2012) , with as few as 5% of pruned vessels containing apoptotic ECs (Franco et al., 2015) .
Furthermore, apoptosis is rarely observed during vessel regression in zebrafish (Chen et al., 2012; Kochhan et al., 2013; Lenard et al., 2015) , and is largely dispensable for the regression of those vessels in which it does occur (Kochhan et al., 2013) . Live-imaging studies in zebrafish have recently shown that vessel regression occurs by EC migration, akin to 'anastomosis in reverse' (Chen et al., 2012; Lenard et al., 2015) , and is triggered by local differences in blood flow between vessels (Chen et al., 2012; Kochhan et al., 2013; Lenard et al., 2015) . A requirement for cell migration in blood vessel regression was also recently identified in the mouse retina (Franco et al., 2015) . Thus, the contribution that apoptosis makes to the angiogenic process remains to be determined.
Here, we have genetically inactivated apoptosis in ECs to unequivocally determine the role of apoptosis during angiogenic vessel growth and maturation. Using a conditional knockout strategy, we generated mice lacking both of the apoptotic effector proteins BAK and BAX in ECs, which resulted in the complete suppression of EC Development • Advance article apoptosis during angiogenesis. We found that apoptosis is required for removing nonperfused vessel segments that arise during vessel maturation and contributes to the establishment of optimal vessel diameter in capillaries but not arteries or veins by regulating EC number.

Results
EC apoptosis is associated with regressing vessels and occurs through the intrinsic apoptotic pathway
Using activated caspase 3 staining as a marker for apoptosis, we quantified the distribution of apoptotic ECs across the vascular network of the retina. Consistent with previous reports (Simonavicius et al., 2012; Watson et al., 2016) , we found that apoptosis was predominantly located around arteries at P6, with a limited amount around the veins and almost none in the sprouting region (Fig. 1A,B ). This distribution is the opposite of EC proliferation at this time (Ehling et al., 2013) . Of the apoptotic ECs we observed, around two-thirds were found in regressing vessels (Fig. 1C,D) . Active caspase 3+ cells were also positive for terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL), confirming they were apoptotic (Fig. S1A ). We detected fewer apoptotic cells per P6 retina than Franco et al. (Franco et al., 2015) , possibly due to differences in mouse strain or quantification methods, such as our use of a monoclonal anti-active caspase 3 antibody. Substantial numbers of apoptotic EC were still present at P14 (Fig. S1B ), but in contrast to P6, they were more evenly distributed, with preferential localisation around veins (Fig. 1E,F) .
To investigate the role of apoptosis during angiogenesis, we generated mice in which apoptosis was blocked specifically in ECs. While loss of the BH3-only protein BIM reduces EC apoptosis in the angiogenic retina (Koenig et al., 2014) , it does not prevent EC apoptosis under all circumstances (Koenig et al., 2014; Watson et al., 2016) , likely due to compensatory apoptosis initiation by other BH3-only proteins, as occurs in other cell types (Coultas et al., 2005) . In order to overcome BH3-only protein redundancy and study angiogenesis in the complete absence of apoptosis, we generated mice in which ECs lacked both of the apoptosis effector proteins, BAK and BAX. A conditional approach was required as the majority of Bak/Bax double knockouts are perinatal lethal (Lindsten et al., 2000) . As such, we generated Bak -/-Bax lox/lox Tie2-cre Tg/+ mice, which have ubiquitous loss of Bak and EC-and hematopoietic-specific loss of Bax (Kisanuki et al., 2001) . These mice are hereafter referred to as Bak -/-Bax EC/EC . This approach was used as Bak -/-mice are healthy and fertile whereas Bax -/-males are infertile and have impaired apoptosis in a range of non-endothelial cell types in the developing retina (Hahn et al., 2003; Mosinger Ogilvie et al., 1998 (Fig. 1G,H ).
To determine whether the extrinsic apoptosis pathway was somehow also required for EC apoptosis, we examined the retinas of caspase 8 -/-mice. In the absence of caspase 8, the alternative cell death pathway of necroptosis becomes activated causing embryonic lethality (Vince and Silke, 2016) , which can be overcome by simultaneous deletion of the necroptosis effector MLKL (Etemadi et al., 2015) . Caspase 8 -/-Mlkl -/-mice showed a small, non-significant reduction in EC apoptosis at P6 (Fig. S1C ). This small difference was likely due to the mutants being runty rather than a specific defect in apoptosis ( Fig. S1D) given no difference in EC apoptosis was observed at P5 when weights were similar (Fig. 1I&J ). Taken together, these data show that apoptosis occurs predominantly, but not exclusively, in regressing vessels during angiogenesis and is triggered through the intrinsic apoptosis pathway.
Apoptosis is dispensable for vessel pruning during angiogenesis, but improves its efficiency
Given apoptosis was found predominantly in regressing vessels, we examined whether vessel regression was affected in Bak -/-Bax EC/EC mice. We focussed on the vessels around radial arteries at P6, as this was where the majority of apoptosis was found (Fig. 1B) . Vessel density, measured by area, was not altered in the region immediately adjacent to arteries at P6 in Bak -/-Bax EC/EC retinas when compared to controls (Fig 2A,B) , however a small but significant increase in the number of side branches connected to the radial artery was observed ( Fig. 2A,C) . This was in contrast to the plexus region, where no difference in vessel regression was observed (Fig. 2D ).
The increase in arterial side branches was nonetheless transient, as the number of side branches (and vessel density) was normal by P8 ( Fig. 2E -G). These data indicate that EC apoptosis increases the efficiency of vessel pruning in high-flow capillaries, but is otherwise dispensable for vessel pruning.
We also observed clusters of ECs and vessel segments that were fully separated from the remaining circulation near arteries at P6 in Bak -/-Bax EC/EC mice (3/4 Bak -/-Bax EC/EC mice) (Fig. 2H) . In control mice, ECs in vessel segments that were regressing at both ends (an indication they were becoming isolated from the circulation), were Development • Advance article apoptotic ( Fig 2H) and no persistent, isolated segments were observed in any control mice examined (n=12). These results suggest that apoptosis normally removes such non-perfused vessel segments.
Endothelial cell apoptosis does not limit the rate of new vessel production during angiogenesis
We next investigated whether apoptosis serves to limit the rate of angiogenesis. We examined the whole retinal vasculature of Bak -/-Bax EC/EC mice at P6 and found that total vessel area and radial outgrowth were normal, indicating the rate of new vessel growth by sprouting angiogenesis was normal ( Fig. 3A-C retinas. These were clearly the product of vessel regression as some were still connected to patent vessels by thin sleeves of collagen IV (Fig. 4D ). These aggregates
were not found in control mice (n=10) again suggesting that apoptosis normally removes such non-perfused vessel segments.
To assess the effect of apoptosis on EC density, we quantified EC numbers in capillaries, arteries and veins using the nuclear marker FLI1 (Fig. 4A,B and Fig. S2A,B) .
In capillaries at P8, there was no difference in EC density in Bak -/-Bax EC/EC mice compared to controls ( Fig. S2C-E (Fig. 4F ), This increase in EC density in capillaries was due to an increase in absolute EC number, which was more striking in venous capillaries (Fig. 4G ).
In the radial artery and radial vein, EC number and density was also increased (Fig.   4H,I ). These results demonstrate that the reduction in EC density that occurs during vessel maturation is dependent on apoptosis.
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While the absence of apoptosis did not prevent the age-related reduction in vessel area by adulthood, we did notice a subtle, but non-significant (11.6%) increase in vessel area in the venous region of adult Bak -/-Bax EC/EC mice (Fig. 4C) . This was not due to increased vessel number or vessel length as total capillary length in this region was normal (Fig. 5A) . Instead, the increase in vessel area was due to an increase in capillary width, with a 10-16% increase in capillary width depending on the layer (Fig. 5B,C) .
Quantification of the average vessel width using 3 dimensional (3D)-surface rendered images showed an overall 11% increase in venous capillary width in Bak -/-Bax EC/EC mice ( Fig. 5D,E) . A similar trend toward increased vessel width was also found in some arterial capillaries but did not reach significance, likely because the increase in EC number was not as pronounced as it was in venous capillaries ( Fig. 4G and Fig. S3 ). In contrast to capillaries, there was no increase in vessel width in the radial artery or vein despite increased EC number in these vessels (Fig. 5F ). Together these data show that apoptosis is not required to regulate vessel density during the maturation of blood vessels, but it is required to reduce EC number per vessel, which in turn can influence capillary diameter, particularly around veins.
Hyaloid vessel regression in Bak -/-Bax EC/EC Mutants
Hyaloid vessels undergo postnatal regression that is dependent on apoptosis.
Consistent with previous reports (Hahn et al., 2005) , we observed a significant reduction in the number of hyaloid vessel segments undergoing apoptotic regression in P5 Bak -/-Bax EC/EC mice vs. controls (Fig. 6A,B) . Apoptotic vessel regression was completely absent or nearly absent in 3/5 mutants, whereas one animal showed normal hyaloid apoptosis, possibly due to cre inefficiency, which we occasionally observe with Tie2-cre (Watson et al., 2016) . At 4 weeks of age, hyaloid vessels had fully regressed in control mice. In contrast, Bak -/-Bax EC/EC mice at this age contained an extensive network of hyaloid vasculature and perfusion labelling showed most, but not all, was functional (Fig. 6C) . Notably, we observed large numbers of non-perfused EC clusters among the persistent hyaloids that were similar to those observed in the mutant retina (Fig. 6D,E ).
These clusters were often connected to a sleeve of collagen IV, suggesting they arose from regressing vessels (Fig. 6D,E) . Consistent with this, we observed isolated clusters of ECs forming within regressing vessel segments early on in hyaloid regression at P5.
These clusters were present in both control and Bak -/-Bax EC/EC mice, the difference being Development • Advance article they were apoptotic in controls but not in the mutants (Fig. 6F) . These results strongly suggest that isolated EC clusters arise during vessel regression and are normally removed by apoptosis.
Hyaloid vessel regression was not completely prevented in Bak -/-Bax EC/EC mutants, raising the possibility that an apoptosis-independent mechanism may contribute to hyaloid regression. Consistent with this, we observed numerous TUNEL-negative regressing vessels in wild type (WT) mice. Among these were ECs with front-rear polarity indicative of migration toward neighbouring vessels based on Golgi marker staining (Fig. 6G ). This suggests vessel regression via cell migration also contributes to hyaloid regression, similar to what occurs in the retina (Franco et al., 2015) .
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Discussion
The association between EC death and vessel regression during angiogenic remodelling in the retina has been made since the 1960s (Ashton, 1966 ), yet formal investigation of its functional role in angiogenesis has been lacking. Studies in the pupillary membrane have shown that EC apoptosis can initiate blood vessel regression as dying ECs can occlude vessels, leading to flow stasis and subsequent vessel regression (Meeson et al., 1996) . Our finding that vessel regression in the retina is not prevented in the absence of apoptosis argues that this model does not apply in the case of controlled, angiogenic vessel pruning. This is consistent with recent evidence
showing that vessel pruning occurs by cell migration in response to local differences in blood flow between vessels (Chen et al., 2012; Franco et al., 2015; Kochhan et al., 2013; Lenard et al., 2015) . Nonetheless, we found that blood vessel regression in arterial side branches was delayed in the absence of apoptosis, indicating that it is required to make the process more efficient. Apoptosis may enhance vessel regression by reducing the number of cells that need to migrate and integrate into neighbouring vessels, accelerating the exit of all cells from the regressing vessel. Alternatively, in epithelial monolayers, apoptotic cells exert forces on their neighbouring cells, inducing autonomous and non-cell autonomous shape changes in those cells (Kuipers et al., 2014) . It is possible that similar forces are generated by dying ECs and these may act to enhance the cell shape changes necessary for cellular rearrangement during vessel regression. As no defect in vessel pruning was observed other than in arterial sidebranches, this function for apoptosis may be peculiar to high-flow capillaries and possibly indicative of a specific type of vessel regression.
We found that EC apoptosis was predominantly located in regressing vessels during angiogenesis and several studies have previously shown that levels of EC apoptosis during retina angiogenesis directly correlate with levels of vessel regression (Cheng et al., 2012; Korn et al., 2014; Savant et al., 2015; Simonavicius et al., 2012) . Despite this, our genetic approach of inactivating EC apoptosis shows that it is not causative of vessel regression, consistent with recent findings that only 5% of regressing vessels in the retina contain apoptotic EC (Franco et al., 2015) . Non-canonical Wnt signalling has been variously suggested to control vessel regression by regulating EC apoptosis (Korn et al., 2014; Scholz et al., 2016) or EC sensitivity to blood flow-induced cell migration . Our data argue against a role for apoptosis promoting vessel regression Development • Advance article during angiogenesis. Furthermore, mice with EC-specific loss of the pro-survival protein MCL1 exhibited a far greater increase in apoptosis than that reported for mice lacking non-canonical Wnt, but did not show an increase in vessel regression (Watson et al., 2016) . These findings would argue against a role for apoptosis in promoting vessel regression, even when ectopically activated. Instead, changes within the regressing vessel such as cessation of blood flow (as occurs in "type 1" vessel regression (Lenard et al., 2015) ), likely trigger apoptosis in a subset of ECs that are unable to migrate to the 'protective' environment of a perfused vessel (Franco et al., 2015) . This interpretation is supported by our finding that apoptosis removes ECs from non-perfused vessels in the retina and hyaloid networks.
We found that apoptosis was responsible for the reduction in EC density that occurs in the angiogenic vasculature as it remodels into a mature network. However, EC density was not affected early in angiogenesis at P8. It is impossible to estimate the exact number of EC that die by apoptosis during the early stages of retina angiogenesis, making it impossible to accurately predict the number of supernumerary cells expected in its absence and therefore whether we would expect to detect an increase in the mutants by P8. Reduced proliferation may compensate for reduced apoptosis to maintain normal cell number, but we found this was unchanged in the mutants.
However, even a small decrease in proliferation can have a substantial effect on cell number over time and it remains possible that the proliferation detection method we used was not sufficiently sensitive to reveal changes in proliferation rates that might be compensating for the lack of apoptosis.
Our results show that increased EC number in adults was associated with increased diameter in capillaries, principally those near veins. Mice in which ECs lack Rbpjk or
Foxo1 also have increased EC number and an increase in retinal vessel diameter (Ehling et al., 2013; Wilhelm et al., 2016) . Notably however, both these mutants show an increase in vein diameter, which we did not observe. In the case of Rbpjk mutants, the difference is likely due to increased EC size as well as number (Ehling et al., 2013) .
While EC size was not reported for the Foxo1 mutants, it is at least possible it is increased given their up-regulation of MYC (Wilhelm et al., 2016) , a known positive regulator of cell growth (Dang, 2013) . The absence of increased artery or vein diameter in the Bak -/-Bax EC/EC mice despite increased cell number suggests there must be strong feedback mechanisms in place to maintain a preferred diameter in these vessels, Development • Advance article regardless of cell number. Our findings suggest these mechanisms are not as strong in capillaries. One possible explanation may be related to perivascular support cell coverage. In adult retinas, arteries and veins are both covered in smooth muscle (Ehling et al., 2013) , and these may be more effective at regulating vessel diameter than the pericytes covering the capillaries. Retinal vasculature is subject to metabolic regulation (Pournaras et al., 2008) , and while the smooth muscle layer around retinal veins is thinner and less organised than arteries, there is evidence that it is capable of vasoconstriction (Yu et al., 2016) . The functional consequence of increased EC density and capillary diameter on retinal vascular function and metabolic regulation in particular deserves further investigation.
Previous studies have suggested that Fas/FasL-driven EC apoptosis is responsible for vessel pruning in the angiogenic retina vasculature (Ishida et al., 2003) . However, retina vessel development was reportedly normal in FasL gld mice (Davies et al., 2003) .
Our data using caspase 8 deficient mice strongly suggest that death receptor mediated apoptosis is not required for EC apoptosis during angiogenesis and excludes the possibility of redundancy from other death receptors in the absence of Fas.
Apoptotic capillary regression in pupillary membrane has been proposed to involve two stages of EC apoptosis (Meeson et al., 1996) . The first, dependent on macrophages, causes stenosis that triggers a second, synchronous wave of apoptosis in the remaining ECs as they are simultaneously deprived of the protective effects of laminar blood flow.
The requirement for macrophages and the presence of synchronous apoptosis in hyaloid vessels suggests this model is also responsible their regression (Lobov et al., 2005) . The presence of functional hyaloid vessels in our Bak -/-Bax EC/EC mice is consistent with EC apoptosis being an initial trigger for vessel stenosis and regression of hyaloid vessels. However, some hyaloid regression still occurred in the Bak -/-Bax EC/EC mice.
While this may have been due to the residual apoptosis present in the mutants (likely due to imperfect cre efficiency), it also suggests additional mechanisms may provide the regression trigger in certain hyaloid vessels. Indeed, we found evidence for polarised cell migration during hyaloid vessel regression, similar to what occurs in the retina (Franco et al., 2015) . Regardless of the initial trigger, our data clearly show that apoptosis was responsible for the second, synchronous wave of apoptosis that clears
ECs from the non-perfused vessels. In the absence of apoptosis, these cells formed longlived aggregates of EC. The similarity of retina EC aggregates to those in the hyaloids Development • Advance article suggests they also arise through vessel regression. Defective retinal vascularisation phenotypes are often associated with persistent hyaloid vasculature (Saint-Geniez and D'Amore, 2004) . In these cases, the presence of persistent hyaloids has been attributed to defects in the retinal vasculature, likely through increased retina hypoxia and a subsequent increase in VEGF-A expression (Xu et al., 2004) . Increased VEGF-A levels or perturbation of VEGF-A isoform expression are associated with persistent hyaloid vessels (Kurihara et al., 2010; Rao et al., 2013; Stalmans et al., 2002) . In some cases however, it has been suggested that persistent hyaloid vessels are causal for accompanying retinal vascular defects (Kurihara et al., 2010) . Our data show that the presence of hyaloid vasculature by itself does not disrupt retinal vascular development.
This would suggest either that retinal vascular defects are more likely to cause persistent hyaloids, or that certain mutations affect pathways common to both retinal angiogenesis and hyaloid regression.
Our results show that during angiogenic vessel remodelling, apoptosis is a consequence of vessel regression, not a cause, and that its principle role is to regulate EC number and remove non-perfused vessel segments. Understanding mechanisms of cell migration will provide greater insight into vessel remodelling and capillary density during angiogenesis, whereas understanding apoptosis control will shed new light on how EC density is determined and possibly vessel calibre and function.
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Materials and Methods
Mice
All experiments involving animals were performed with procedures approved by the Image analysis was performed in the FIJI distribution of ImageJ software (Schindelin et al., 2012) .
Statistics
Statistical analysis was performed using one-way analysis of variance test with Tukey's multiple comparison test where multiple groups were compared. Two-tailed Student's t-test were used when 2 groups were compared, with Holm-Sidak correction applied when multiple tests were applied to a dataset. 
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Image analysis
Apoptotic EC were defined as cleaved caspase 3 + /PECAM1 + cells enclosed by collagen IV in the x, y, z axis from confocal z-stack images. Quantification of cleaved (activated) caspase 3-positive ECs was performed manually using FIJI distribution of ImageJ software (Schindelin et al, 2012 ) from confocal z stacks of entire superficial layer at P6 and P14. Apoptotic cells within the remodelling zone were defined as having arterial or venous localisation determined by measuring distance to the nearest artery or vein. All quantification at P6 was quantified on whole retinal vasculature unless otherwise indicated. At P8, blood vessel area and EC density were quantified within a zone 150 µm wide on either side of radial arteries and 100 µm of radial veins.
P14 and adult retinal vascular density and EC counts were quantified on independent maximum intensity z-projection images of the superficial, intermediate and deep Development • Supplementary information layers around each major vessel then data from each layer was combined. Vessel surface area measurements of retinas were quantified based on the collagen IV signal at P6 for whole retina overview and combined PECAM1 and collagen IV signal at P6, P8, P14 and adult for analysis specific to arterial and venous regions in maximum intensity projection images generated from confocal z stacks. Vasculature at the optic nerve head and residual hyaloid vasculature were manually masked and excluded from vessel surface area quantification where appropriate. Quantification was performed using the thresholding function and included removal of non-specific background using the "despeckle" filter. Radial outgrowth at P6 was quantified as the mean of 4 measurements from the centre of the retina to the edge of the sprouting front in different directions. Vessel regression at P6 was quantified on 4 plexus region segments per retina. Vessel regression was determined as a ratio of PECAM1 + vessel segment length to collagen IV + vessel segment length. Vessel regression analysis was performed as follows: binary masks of PECAM1 and collagen IV channels were produced through auto thresholding and the use of various image and morphological filters. A collagen IV + PECAM1 − vessel segment mask (regressing vessels) was generated by subtracting the PECAM1 channel mask from the collagen IV channel mask. Collagen IV + PECAM − vessel segment mask and the collagen IV channel mask were then skeletonized and their total vessel lengths measured. These steps were all implemented in a custom FIJI macro allowing for full automation of the data set.
Capillary EC density was quantified on FLI1 + signal found enclosed within a combined PECAM1 and collagen IV mask. Capillary vessel area and cell density quantification was performed in a semi-automated fashion through custom written macros in the FIJI distribution of ImageJ software (Schindelin et al, 2012) . In major arteries and veins ECs were quantified manually on FLI1 + signal found enclosed within PECAM1 signal. Quantification of major vessel area was performed using
Adobe Photoshop for manual tracing of PECAM1 + signal followed by quantification of area using FIJI distribution of ImageJ software (NIH, Bethesda, MD, USA) from confocal z-stack projections. Veins were quantified on vessel segments 550 µm long, measured from the T-junction at the retina margin. Arteries were quantified on major vessel segments contained within an imaged region of at least 450 µm x 860 µm.
Proliferating ECs were defined as EdU + /FLI1 + /PECAM1 + cells in maximum intensity projection images and quantified in an automated fashion using a custom written macro using FIJI software. Vessel side branches were defined as continuous Development • Supplementary information PECAM1 + vessels connected to the major artery being quantified. At P6, side branches were quantified on 4 arteries per retina, each 1000 µm along the artery from the optic nerve head to the periphery. At P8, side branches were quantified along the entire length of a major artery. Secondary sprouts at P8 were identified as vertical sprouts in confocal z-stack images. Capillary vessel width analysis was determined blinded to genotype by dividing total vessel area (thresholded on PECAM1 signal) by total vessel length (determined from skeletonized PECAM1 signal) in a semiautomated, custom written macro in the FIJI distribution of ImageJ software (Schindelin et al, 2012) . Major vessel width was calculated as above in a manual fashion. Adult retina venous capillary vasculature was quantified in 3D using the 3D visualisation module of Imaris (Bitplane). The 3D surface was created using PECAM1 signal. All vessels greater than 7 m in diameter were considered to be non-capillary vessels and excluded from analysis.
